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ABSTRACT: The toxicological impact of traditional perflucroalkyl chemicals has led to the elimination and restriction of these sub-
stances. However, many novel perfluoroalthy! alternatives remain unregulated and little is known about their potential effects on
environmental and human health. Daily administration of two alternative perfluorcalkyl substances, HFPO2 and HFPO4
{1 mg kg " body weight), for 28 days resulted in hepatomegaly and hepatic histopathological injury in mice, particularly in the
HFPO4 group. We generated and compared high-throughput RNA-sequencing data from hepatic tissues in control and treatment
group mice to clarify the mechanism of HFPO2 and HFPO4 hepatotoxicity. We identified 146 {101 upregulated, 45 downregu-
lated} and 1295 (716 upregulated, 579 downregulated) hepatic transeripts that exhibited statistically significant changes {fold
change >2 or <0.5, false discovery rate < 0.05) after HFPO2 and HFPO4 wreatment, respectively. Among them, 117 (82 upregu-
lated, 29 downregulated) transcripts were changed in both groups, and lipid metabolism assodiated genes were dominant. Thus,
similar to their popular predecessors, HFPO2 and HFPO4 exposure exerted hepatic effects, induding hepatomegaly and injury,
and altered lipid metabolism gene levels in the liver, though HFPO4 exerted greater hepatotoxicity than HFPO2. The unregulated
use of these emerging perfluoroalkyl alternatives may affect environmental and human health, and their biological effects need
further exploration. Copyright © 2016 John Wiley & Sons, Ltd.

k4 Additional supporting information may be found in the online version of this article at the publisher’s web-site.
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introduction from stain- and water-resistant coatings for carpets and fabrics
1o fast-food containers, fire-resistant foams, paints and hydraulic
fluids (Calafat et al, 2007). The carbon-fluoride bonds that
characterize PFASs also rmake them highly stable and environ-
mentally persistent, resulting in thelr widespread detection in
occupationally exposed populations (Olsen & Zobel, 2007), di-
verse general human populations (Fromme et al, 2009 Kannan
et al, 2004; Karrman et gf, 2006}, as well as in wildlife and en-
vironmental matrices in remote regions. Two of the most widely
detected compounds are eight-carbon chain perflucroociane
sulfonate (PFOS) and perfluorooctancic acid (PFOA) (Giesy &
Kannan, 2001} Since 2000, the manufacturing practices for
PFASs have changed considerably and the emissions of PFOS
and PFOA have decreased (Lau et af, 2007). In 2006, eight major
producers of perfluorinated carboxylic acids, fluoropolymers and
fluorotelomer substances joined the US EPA 2010/15 PFOA
Stewardship Program to eliminate these long chain perfluorinated
compounds and their potential precursors by 2015 (1S EPA, 2006).

Primer information for qPCR is listed in Supplementary Table §1.
The quality control of the liver RNA-seq results in mice after HFPO2
and HFPO4 treatment is listed in Supplementary Table S2. The
mapping rates of the genomic sequence RNA-seq results are given
in Supplementary Table $3. The significantly changed genes after
HFPOZ and HFPOM4 treatment are listed in Supplementary Table $4.
The enriched GO terms of the differentially expressed hepatic
sequences in mice after HFPO2 and HFPO4 treatment are listed
in Supplementary Table $5. The significantly changed cytochrome
P450 genes after HFPO2 and HFPO4 treatment are shown in
Supplementary Table S8, Weight changes in male mice treated
with HFPO2 and HFPO4 are shown in Supplementary Figure S1.
The mean quality distribution of the RNA-seq results is shown in
Supplementary Figure 52. The RPKM saturation is shown in
Supplementary Figure $3. The volcano plot analysis of changes
in transcript expression after HFPOZ and HFPO4 treatment is
shown in Supplementary Figure S4. The heat map results of
differentially expressed sequences after treatment are shown in

Supplementary Figure 55. *Correspondence to: fiayin Dai, Key Laboratory of Animal Ecology and Conserva-
Perfluocroalkyt substances {PFASs} are a class of highly stable tion 5io/ogy,. institute of Zootogy, Chinese Academy of Sciences, Beifing, 100101,
manufactured compounds with varying lengths of fluorinated =~ Feople’s Republic of China.
. . . . E-mail: daijy@iozac.cn
carbon backbones. Owing to their unique surface active proper-
ties associated with organic fluorocarbon chemistry, they are Key Laboratory of Animal Ecology and Conservation Biology, Institute of Zoology,

used in many industrial applications and consumer products, Chinese Academy of Sdences, Beifing 100101, People’s Republic of China
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However, many altemative chemicals with shorter or longer alkyl
chains remain unregulated and continue to be released into the
environment {Haug et af, 2010, Ishibashi et al, 2008; Jensen &
Leffers, 2008; S0 et al, 2006, Wang Z et of. 2013, Wang et al,
2015a). Among them, the dimer acid of hexafluoropropylene oxide
(HFPO2) was recently identified in environmental samples
{Heydebreck et al, 2015; Suynar et al, 2012; Wang Z et af, 2013).
HFPO is a well-known versatile synthetic building block in the
manufacture of fluoropolymers as well as a number of
polyfluorinated and perfluorinated intermediates (Millauer et al,
1985}, The ammonium salt of HFPC2, namely GenX from DuPont,
is used as a processing aid for fluoropolymer resin manufacturing
{DuPont, 2010}, and has been registered under REACH in Europe
with an annual production volume of 10-100 tons (European
Chemicals Agency [ECHA] 2015). The detection of HFP0O2 in the
environment could be due to residual leaching from commercial
products or direct release during manufacturing  processes
{Wellington Reporter, 2013). HFPO tetramer (HFP04) is the other
oligomerization chemical of HFPO, though currently no data are
available in regards to its annual production or distribution in
environmental matrices.

The ubiguitous nature and persistence of PFASs in the
environment and within the human body have led to efforts to
understand the biological effects associated with exposure.
Laboratory animal studies have shown that the PFAS exposure
leads to loss of body weight, reduced cholesterol, increased
liver weight, adenomas and many other toxicological hazards
{Lau et al, 2007; Frisbee et af, 2010; Kennedy et al, 2004). Animal
studies have also indicated that some PFASs induce toxicological
hazards via a peroxisome proliferator-activated receptor alpha
{PPARo) agonistic mode in rodents (Kennady et al, 2004). Some
epidemioclogical studies, mostly medical surveillance studies of
male chemical workers, have shown that exposure to PFASs {PFOA
and possibly PFOS} is modestly correlated with total cholesterol,
low-density lipoprotein cholesterol and/or triglycerides (TG} in
humans {Frishee et gf,, 2010; Olsen & Zobel 2007 Steenland et al,
2009). Although hepatotoxicity of popular perflucroalkyl acids
{PFAAs), such as PFOS and PFOA, have been reported, litte is
currently known regarding whether HFPO2 and HFPO4 can exert
negative health effects on animals and humans, except for a
simple hazard description of HFPO2 given to the ECHA by the
suppliers (ECHA, 2015). it should not be taken for granted that
these alternatives are less or more hazardous to the environment
and humans than their predecessors. Further studies are reguired,
particularly with the application of next-generation sequencing
technologies, which have dramatically accelerated genome-wide
comparison of transcriptomes (Mortazavi et af, 2008; Ozsolak &
Milos, 2017; Sultan et of, 2008, Wang Z et gf, 2009). In the present
study, we investigated the effects and hazards of HFPO2 and
HFPO4 exposure on mice livers, and explored the responses of
hepatic transcripts following exposure using high-throughput
RNA sequencing (RNA-seq).

Materials and methods

Chemicals and treatments

Both HFPOZ2 (2,3,3,3-tetrafluore-2-(1,1,2,2,3,3,3-heptafiuoro
propoxyipropancic acid, CAS number 62037-80-3, > 999% purity)
and HFPO4 {propancic acid,2,3,3,3-tetrafluoro-2-11,1,2,3,3,3-

hexafluore-2-[1,1,2,3,3,3-hexafluore-2-(1,1,2,2,3,3, 3-heptaflucropro
poxylpropoxylpropoxyl CAS number 65294-16-8, > 99% purity)
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were synthesized by Dr Yong Guo at the Shanghai Institute of
Organic Chermistry, Chinese Academy of Sciences. The chemical
structures of these two perfluoropolyethers are shown in Fig. 1.
All other chemicals and reagents were of analytical grade. Male
ICR mice {6-Bweeks of age) were purchased from the Weitong
Lihua Laboratory Animal Central (Beijing, China) and maintained
in a mass air-displacement room with a 12 h light-dark cycle at a
temperature of 20-26°C and a relative humidity of 50-70%. Ani-
rnals had access to food and water 4o fibitum. After 1 week of accli-
matization, the mice were randomly separated into three groups
{n=12 per group), ie, the control, HFPO2 treatment group and
HFPO4 treatment group. Both HFPO2 and HFPO4 were prepared
in 0.5% Tween-20 (Beijing Chemical Reagent Co, Beijing, China).
The chermicals were given orally via gavage to treatment group
mice at doses of 1 mg kg™’ of body weight once a day for 4 weeks
based on our pretest experiment. Control mice were treated simi-
larly, but with the vehicle only. During exposure, the animals were
weighed every 4days. At the end of the experiment, all animals
were fasted overnight and then weighed and killed by cervical dis-
location. Livers were removed, weighed and cut into small pieces.
Some pieces were fixed in 10% formalin for histopathological anal-
ysis, with the remaining pieces frozen in liquid nitrogen immedi-
ately and stored at —80°C for HFPO2 and HFPO4 analysis and
RNA extraction. Blood was collected, placed at room temperature
to coagulate and then centrifuged at 2000¢g for 15 min. Serum
was then collected and stored at —80°C until analysis. All experi-
mental manipulations were undertaken according to protocols ap-
proved by the Animal Ethics Committee of the Institute of Zoology,
Chinese Academy of Sciences.

Serum parameters and hepatic histopathological analysis

Standard spectrophotometric methods using a HITACHEZ170A
automatic analyzer (Hitachi Limited, Tokyo, Japan) were used to
measure  serum  parameters, including alanine transaminase
(ALT), aspartate aminotransferase (AST), TG and total cholesterol,
s, Formalin-fixed liver tissues were processed sequentially in
ethanol, xylene and paraffin. Tissues were then embedded in
paraffin way, sectioned transversely at 4-5 pm, mounted on slides
and stained with hematoxylin and eosin for histopathological
chservation.

RMNA isolation, RNA-sequence library preparation and
sequencing

Total RNA of mice livers {three samples in each group) was isolated
using the RNeasy plus Mini Kit {Qlagen, Culver City, CA, USA)
followed by DNasel {Invitrogen, Life Technologies, Carlsbad, CA,
USA) treatment according to the manufacturer’s protocols. The
total RNA was then sent out for a commerdial sequencing in
Annoroad Genornics (Beijing, China). Poly(A) mRNA was isolated
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Figure 1. Chemical structure and CAS number of HFPO2 and HFPO4.
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from total RNA with oligo{dT) beads and then fragmented. The
cleaved RNA fragments were transcribed into first-strand <DNA

using reverse transcriptase and random hexamer primers,
followed by second-strand ¢DNA synthesis in a reaction buffer,
including dNTPs, DNA polymerase | and RNase H. The double-
stranded cDNA was further subjected to end repair followed by a
single A base addition. it was then ligated with an adaptor using
T4 quick DNA ligase. Adaptor-ligated fragments were selected
according to size and the desired range of (DNA fragments were
excised from the gel Polymerase chain reaction (PCR) was per-
formed to selectively enrich and amplify the fragments. Finally,
after validation on an Agilent 2100 Bivanalyzer (Agilent Technolo-
gies, Palo Alto, CA, USA), the cDNA library was sequenced on a flow
cell using an Hlumina HiSeq 2500 platform.

Mapping of reads and differential ransoriptome analysis

The raw reads were cleaned by removing sequences in which
more than five nucleotides were from the adaptor, and filtering
the low-guality reads, including reads with unknown nudectides
>5%, and reads in which the percentage of low-quality bases
{3<19) was >50%. The short reads were mapped to whole
genome reference sequences with the TopHat program {Trapnell
et al,, 2009). Transcript expression was calculated with RPKM {reads
per kb per million mapped reads) (Mortazavi ef af, 2008) using the
formula RPKM =10°R/NL/10%), where RPKM is the expression of
Transcript A, R is the number of fragments that unigquely align to
transcript A, N is the total number of fragments that uniguely align
to all transcripts and L is the base number in the exon region of
transcript A, The RPKM method can eliminate the influence of dif-
ferent gene lengths and sequencing levels on gene exprassion.
Therefore, the calculated gene expression can be directly used
for comparing the differences in gene expression between treat-
ment and control groups. For transcript expression analysis, satura-
tion and hierarchical cluster of the transcripts were also carried out.
Differential transcription of each twansaipt was then tested
between the control and treatment groups using the DEGseq pro-
gram {Wang L et af, 2010). False discovery rate (FDR) was used in
the multiple hypothesis testing to correct the P value (Benjamin
& Hochberg, 1995). In this study, we used the absolute value of
002 (RPEM pearment/ RPEM connot = 1 {fold change =2 or <0.5) and
FDR < .05 as the thresholds for differentially expressed genes
(DEGs) under treatment.

The DEGs were subjected o annotation and functional classifi-
cation against databases, induding the NCBI, Ensemble, gene
ontology (GO} and Kyoto Encyclopedia of Genes and Genomes
(KEGG) databases. Enrichment statistics were computed based
on hypergeometric  distribution  and  adjusted  with  the
Benjarnini-Yekutieli's multiple testing corrections (Benjamini &
Yekutieli, 2007; Young et af, 2010). The GO terms and KEGG path-
ways showing g < 0.001 were considered as significantly enriched
in the treatment group compared with the control.

Guantitative polymerase chain reaction

We used quantitative PCR (gPCR) to confirm part of the RNA-seq
DEGs after HFPO2 and HFPO4 treatment. Total RNAs from the livers
of the control, HFPO2, and HFPO4 group mice were isolated using
the RNeasy plus Mini Kit (Qlagen} followed by DNasel {Invitrogen)
treatment according to the manufacturer’s protocols. cDNA was
synthesized using an oligo{dN)15 primer and M-MLV reverse
transcriptase (Promega, Madison, Wi, USA). The <DNA was then used

as a template in 25 pl reactions containing 12.5 pl of 2 x QuantiTect
SYBR Green PCR master mix and 0.1 um each of forward and reverse
gene-specific primers, with 185 fRNA chosen as the intermnal controd
for normalization. Primer information is listed in Supplementary
Table 51. The gPCR was performed with the Stratagene Mx3000P
gP(R system {Stratagene, La Jolla, CA, USA) under the following con-
ditions: denaturing at 95 °C for 2 min followed by 40 cycles of 155 at
95°C, 155 at 38°C, and 15s at 72°C. Melting curve analysis
{60-95 °C) and gel electrophorasis were used for assessing amplifica-
tion specificity. gPCR data were analyzed with MxPro gPCR software
and the comparative Cr (272"} method was used to calculate the
fold change of their mBNA levels {Livak & Schmittgen, 2001).

Statistical analysis

Al data were analyzed using SPSS5 for Windows 14.0 Software
(SPSS, Inc, Chicago, I, USA). All values are expressed as means +
SEM. The ratio of liver organ to body weight was calculated to yield
relative liver weights. Body weight and relative liver weight were
analyzed using one-way analysis of variance followed by Fisher's
least significant difference test. Results were considered statisti-
cally significant at P<0.05.

Results

Organ weights and serum parameters

There were no significant body weight changes observed between
the treatment and control groups (Supplementary Fig. S1). How-
ever, the liver weights in the treatrent groups increased signifi-
cantly comparad with that of the control group, showing an
increase of 30.8% and 119.9% in the HFPO2 and HFPO4 groups,
respectively (P< 001} (Table 1). Relative liver weights
{hepatosomatic index) markedly increased by 28.1% and 123.3%
in the HFPO2 and HFPO4 groups (P < 0.01), respectively. Serum
ALT and AST, two transaminases that leak into the bloodstream
when liver cells are damaged, increased in the HFPO4 group
compared with that in the control. In addition, many other serum
parameters associated with lver function were also changed
significantly after HFPOZ and/or HFPO4 treatments, including an
increase in lactate dehydrogenase, alkaline phosphatase and
low-density lipoprotein cholesterol, and a decrease in total biliru-
bin and TG. These biochemical parameters changed more signifi-
cantly in the HFPO4 group than those in the HFPO2 group when
compared with the control, suggesting that hepatocytes were
impairad more extensively in HFPO4-treated mice.

Hepatic histopathology

Mice exhibited hepatic histopathological injuries after exposure 1o
HFPO2 and HFPO4 compared with that of the control. Lipid drop-
let accumulation, swollen hepatocytes and nudel, mild steatosis
and karyolysis were ohserved in the hepatocytes of mice exposed
to HFPOZ and HFPO4 (Fig. 2A). Mice exposed to HFPO4 showed
more severe hepatic histopathological changes than that of
HFPO2-treated mice when compared with the control, with areas
of hepatocytes undergoing focal necrosis. In addition, infiltration
of inflammatory cells and vacuolar degeneration were both
observed. Exposure to HFPFO2 and HFPO4 elicited hepatoceliular
hypertrophy, particularly in the HFPO4 treatment group. As shown
in Figure 2(B), the average number of cell nuclei within a definite
area {1392 x 1040}, as determined by InForm2.0.1 software, was
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Table 1. Body welght hiver weliah and sorirs blochemisiry sonamieters in mals miice after HEBOIE and HEPOW Hraatmont

Cirl HFPO2 HFPO4
Body weight (B)* 3505 +0.52 3574 +0.59 3453 +0.69
Liver weight (L) 1.46 +0.03 1.91 £ 0.05% 3.21£0.09®
Relative liver weight (L/B x 100%) 416 +0.09 533010 5.20+0.18%
ALT (U E"1) 351+257 41.8+3.32 273.4 +34.59%*
AST (U l'"]) 136.2+11.71 149.9+9.38 2785+ 226%™
ALP {1 171) 1068 +8.41 160.8+17.38% 642.5 + 9586
TBA (umoll™") 146+0.12 1.39+0.15 2.99 + 0,49
TBIL{(pmol I —’) 078 0.1 49 £ 011 043 £0.07%
DBIL {umol 571) (.71 +0.07 .38+ 0.05% (.72 +0.1
TP g™ 60.11+0.92 5837 +1.37 59.2+1.4
ALR (U l"j) 23.08+0.33 2291 +0.3% 23.22+033
TCHO {mmol l"’j) 421 +0.18 443 +0.26 3.55+0.29
TG (mmol N 2.09+0.21 1.94+0.14 1.26 + 0.09%
HDL-C (mmol ™ "} 427 +0.16 431021 3.06+0.24%
LDL-C {mmol l"ﬂ) (.54 +0.04 0.81 = 0.08* 0.81£0.1*
LOH (mmol |7") 1508.7 +107.25 16046+ 57.14 21147 +41.39%
AFU U1 1) 21.95+045 21.39+0.72 28.85+1.69%
Parameters: AFU, o--fucosidase; ALB, albumin; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; DBIL, direct bilirubin; HDL-C, high-density lipoprotein cholesterol, IBIL, indirect bilivubin; LDH, lactate
dehydrogenase; LOL-C, low-density lipoprotein cholesterol; TBA, total bile acid; TBIL, total bilirubin, TCHO, total cholesterol; TG,
triglycerides; TP, total protein.
“Body weight after overnight fasting following HFPO2 and HFPO4 exposure. Mice were treated with HFPOZ or HFPO4
{1mgkg ' day ") for 28 days.
Results are presented as means + SEM (n=10-11}.
* P (.05
P 007 versus control.

Total nucleus number &

| N S B m
Ctrl HFPO2 HFPO4

Figure 2. Hepatic histopathological results in mice after HFPO2 and HFPOY treatment. Liver sections stained with hematoxylin and eosin (x 200} (A).
Swollen hepatocytes {red arrow), swollen nudleus {(black arrow), inclusion body (blue arrow), mild steatosis (red arrowhead), karyolysis (blue arrowhead)

and necrosis {black arrowhead) are shown, Hepatocyte size alteration after HFPOZ and HFPO4 treatment (8). Average number of cell nuclel within a definite
area {1392 x 1040) were calculated. Results are presented as means + SEM {1 = 6}, *P < 0.05; **P < 0.01 versus control. Cird, control.
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sharply decreased in the treatment groups, with similar results also
observed by manual counting (data not shown).

RiA-sequence data

The RNA transcripts from three samples in each group were deeply
sequenced. A total of 155 485 511 paired-end reads were gener-
ated from the nine samples. The number of sequences from each
sample ranged from 16.6 to 17.9 million. After removal of ambigu-
ous nudleotides, low-guality sequences and adaptor sequences, a
total of 154 614 854 clean reads {88.4%) were harvested for further
analysis. Total clean nuclectides of the nine samples ranged from
83 % 10" to 8.9 % 10% nt, showing stability and consistency in sam-
pling, library preparation, and sequencing. Detailed information
on the quality control of RNA-seq is shown in Supplementary S2.
The detailed information on mean guality distribution of nucleo-
tides in the reads is shown in Supplementary Figure S2. The clean
reads were then mapped to the genome sequences, with a map-
ping rate of 97-98% in all nine samples. Detailed information on
genomic mapping, as well as exon, intron and intergenic mapping
is shown in Supplementary Table S3.

Differentially expressed genes between treatment and control
group

In exploring transcript changes between treatment and control
groups, RPKM was adapted to eliminate the influence of variation
in gene length and total read numbers. The saturation curves anal-
ysis of RPKM is shown in Supplementary Figure 53. Volcano plot
analysis of the changes in transcript expression after HFPO2 and
HFPO4 treatment is shown in Supplementary Figure 54. Using
the threshold of FDR < 0.05 and absolute value of log, (RPKM
Ratio} > 2, we identified 146 (101 upregulated, 45 downregulated)
and 1295 (716 upregulated, 579 downregulated) hepatic tran-
scripts as significantly changed genes after HFPO2 and HFPO4
treatrnent, respectively (Fig. 3). The heat map of differentially
expressed sequences after treatment is shown in Supplementary
Fig. 55. Among them, 111 {82 upregulated, 29 downregulated)
transcripts were changed in both treatment groups, as listed in
Supplementary Table S4.

Gene ontology terms and pathway enrichment of
differentially expressed genes

Enrichment analysis of GO terms was further carried out for DEGs.
After HFPO2 treatment, a high percentage of DEGs were assigned
to “single-organism metabolic process,” “small molecule metabolic
process,” “lipid metabolic process,” “oxoacid metabolic process”
and “requlation of immune system process” terms in biclogical

HFPO?2 & Ctrl

HFPO4 & Ctrl

1184 changed
(634 up, 550 down)

35 changed
(19 up, 16 down)

111 changed
82 up, 29 down

Figure 3. Venn diagram of differentially expressed sequences after
HFPO2 and HFPO4 treatment. Cirl, control.

"o, #n

process, “endoplasmic reticulum,” “membrane region,” "endoplas-
mic reticulum part,” “endoplasmic reticulum membrane” and
“nuciear outer membrane-endoplasmic reticulum membrane net-
work” in cellular component, and “oxidoreductase activity,”
“ronooxygenase activity,” “arachidonic add monooxygenase
activity” and “arachidonic acid epoxygenase activity” in molecular
function, respectively (Supplementary Table 55). For HFPO4, all sig-
nificantly enriched GO terms reported for HFPO2 were included,
though a broader profile of enriched GO terrns was also found.
Among KEGG pathway analysis of DEGs, 4 and 21 pathways were
significantly enriched in HFPO2 and HFPO4 treatment groups, re-
spectively, when compared with that in the control (Table 2). The
pathways that changed in the HFPO2 treatment group included
“PPAR signaling pathway,” “arachidonic acid metabolism,” “retino
metabolism” and “fatty acid degradation.” All four pathways were
associated with lipid metabolism and were found in the HFPO4
treatment group.

" #

Effect on hepatic peroxisome profiferator-activated receptor
and cytochrome P450

The hepatic mRNA levels of PPAR targets, including CD36 antigen
{Cd36), phospholipid transfer protein (Pltp), stearoyl-coenzyme A
desaturase 1 (Scd1), acyl-coenzyme A oxidase 1, palmitoy! (Acoxt),
enoyl-coenzyme A, hydratase/3-hydroxyacyl coenzyme A dehy-
drogenase (Ehhadh), three cytochrome P450, family 4, subfamily
a members (Cypda3l, Cypdatd and Cypdal2), adipocyte fatty
acid-binding protein 4 (Fabp4) and solute carrier family 27 {(fatty
acid transporter, Sic27a1), were significantly increased after HFPO2
treatment (Fig. 4A). Moreover, many other genes in the PPAR path-
way, such as liver fatty acid binding protein 1 (Fabp1), muscle
carnitine palmitoyltransferase 1h ({ptib), Cpt2 and long chain
acyl-coenzyme A dehydrogenase (Acadl), showed an increased
tendency in HFPO2-treated livers compared with those in the con-
trol. The PPAR pathway was more strongly affected by HFPO4 than
by HFP(Q2, not only in regards to the above upregulated PPAR-
responsive genes in the HFPO2 group, which changed in the same
direction after HFPO4 treatment, but also because rmany tran-
scripts that showed a tendency of alteration (P > 0.05) after HFPO2
treatment were significantly changed after HFPO4 treatment. The
upregulated transcripts included acetyl-coenzyme A acyltransfer-
ase 1B (Acaalb), lipoprotein lipase (Lpl), Scd2, Acadl, acyl-CoA
synthetase long chain family member 4 {Acsi4), apolipoprotein A-
| {Apoal), Fabpl, cytochrome P450, family 4, subfamily a, poly-
peptide 12B {Cypdai2b), acyl-CoA synthetase long chain family
member 3 {(Acsi3), Cptlb and cytosolic phosphoenolpyruvate
carboxykinase (Pepck), whereas the downregulated transcripts
included cytochrome P450, family 27, subfamily a, polypeptide 1
{Cyp27at) (Fig. 4A). PPAR pathway genes, which were identified
as significantly changed by RNA-seq in mice livers after both
HFPO2 and HFPO4 exposure, were further validated by gPCR. All
10 PPAR pathway genes showed consistency or similar trends
between RNA-seq and gPCR results (Fig. 4B).

HFPO4 affected a broader profile of pathways than HFPO2. Two
pathways enriched by HFPO4 were “Drug metabolism-cytochrome
P450 (map00982)" and “Metabolism of xenobiotics by cytochrome
P450 {(map00980).”" In total, among the DEGs detected following
HFPO4 treatment, 35 members of cytochrome P450 transcripis
were included, while only nine members were altered by HFPO2
exposure (Supplementary 56). Some Cyp transcripts changed in the
same direction after exposure to the two chemicals. For example,
three Cypda members (Cypda31, Cyp4a32 and Cypdal4) increased
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Table 2. Ennchied KEGG pathways of differentially expressed Bopatic sequences in mice afler HERO2 ond HEPOA testiments
Map g value Name

HFPO2 HFPO4
map(3320 9.49E-09 1.07E-12 PPAR signaling pathway
map05%0 1.71E-05 5.16E-06 Arachidonic acid metabolism
mapG0830 1.71E-05 3.99E-14 Retinol metabolism
mapl0071 8.51E-05 5.16E-06 Fatty acid degradation
map03010 2.21E-30 Ribosome
mapQ4610 1.50E-17 Complernent and coagulation cascades
mapdD980 3.22E-15 Metabolism of xenobiotics by cytochrome P450
map00982 1.58E-12 Drug metabolism — cytochrome P450
map05204 3.29E-12 Chemical carcinogenesis
mapi4512 1.99E-08 ECM-receptor interaction
map00983 852E-07 Drug metabolism ~ other enzymes
map01040 8.99E-07 Biosynthesis of unsaturated fatty acids
map1100 1.12E-06 Metabolic pathways
map00140 3.21E05 Steroid hormone biosynthesis
map05010 3.88E-05 Alzheimer's disease
mapd4066 511E-05 HIF-1 signaling pathway
map4974 9.08E-05 Protein digestion and absorption
map03040 0.000108 Splicensome
mapl0062 0.000113 Fatty acid elongation
map0591 0.000183 Linoleic acid metabolism
mapi3013 3.00029 RNA transport

in both the HFPO2 and HFPO4 treatment groups. However, some
Cyp showed the opposite changes between the two chemicals;
for example, Cyp2c29 and Cyp2bi0 decreased in the HFPO2-
treated group, but increased in the HFPO4-treated group.

Discussion

Liver weight in the HFPO2 (1.91 g} and HFPO4 (3.21 g) treatment
groups showed significant increases compared with that of the
control {1.46 g), increasing by 308% and 119.9%, respectively. He-
patomegaly is one of the most dominant effects of PFAS exposure,
and has been observed not only in redents but also in monkeys
{Berthiaume & Wallace, 2002; Kennedy, 1987; Seacat et i, 2002).
In our previous study, following six different treatment dosss of
PFOA (0,031, 1.25,2.25 and 5 mg kg™ day ') for 28 days, the liver
weights in exposed mice increased by 27.2% and 105.4% in the
0.31 and 1.25mg kg day ! PFOA exposure groups, respectively
{Yan et al,, 2014). Compared with the above results, more extensive
hepatomegaly was induced by 1mgkg 'day ' of HFPO2Z or
HFFO4 in the present study than by exposure 1o 031 and
125mgkg ' day ' of PFOA, respactively. Mice exhibited hepatic
histopathological lesions after exposure to HFPO2 and HFPO4
compared with that of the control, which incdluded lipid droplet
accurnulation, hepatocyte swelling and necrosis, and infiltration
of inflammatory cells. Furthermore, more focal hepatocyte necro-
ses were observed in the HFPG4 than HFPO2 treatment group.
Although no significant change was observed in the HFPO2 treat-
ment group, serum ALT, AST and lactate dehydrogenase levels
increased and TG levels decreased significantly in the HFPO4
group. In total, based on hepatomegaly, histopathological alter-
ation and serum parameters, HFPO2 and HFPO4 exposure resulted
in hepatotoxicity similar to that of popular PFASs. All of the above
parameters indicate that HFPQO4 is 8 more toxic fluorinated alterna-
tive than HFPO2.

4. Appl. Taxicol. 2017; 37 436-444 Copwright

2016 John Wiley & Sons, Ltd.

There is strong evidence in laboratory animals that PFASs elicit
many of their effects through PPARe (Abbott et al,, 2007; Cheung
et al, 2004; Kennedy et af, 2004). By binding with peroxisome
profiferator response slements in the promoter region of target
genes, PPARo widely influences lipid catabolism processes, includ-
ing peroxisomal and mitochondrial B-oxidation pathways, fatty
acid uptake, TG catabolism, and lipoprotein assembly and trans-
port {ipenberg ef al, 1997; Kersten et af, 2000}. Cell-based assays
using various binding and reporter constructs have also shown sig-
nificant activation of PPARa by PFASs (Maloney & Waxman, 1999;
Shipley et af, 2004; Takacs & Abbott, 2007; Vanden Heuvel et al,
2006). Using PPAR knockout mice, Rosen et al. (2008} found that
85% of the genes altered after 7 days of exposure to PFOA were
dependent on PPARg; however, the subset of lipid homeostasis
genes, which showed increased expression in PPARa-null mice,
might be partly due to PPARy and other transcriptional regulation
factors, such as constitutively activated androstane receptor
{Rosen et af, 2008). PPARy is a key regulator of lipid storage, adipo-
cyte differentiation and inflammation control (Berger & Moller,
2002, but it is normally expressed at very low levels in the liver
{Gavrilova et al, 2003). Similar to popular PFASs, prominent hepa-
tomegaly and perturbation of lipid metabolism assodiated genes
were observed in mice treated with HFPO2 and HFPC4 in our
study. Many genes involved in the PPAR pathway, including
(d36, Pitp, Acox1, Ehhadh, Cypda members and Slc27a1 in the
HFPO2 and HFPG4 groups, and Acaalb, Lpl, Scd2, Acadl, Acsl4,
Apoal, Pepck, Fabpl, Cypdal2b and Cptlb in the HFPO4 group
only, were significantly increased. Among them, Acoxl is a rate-
limiting enzyme in peroxisomal fatty acids -oxidation and Cypda
enzymes are involved in the w-hydroxylate the terminal carbon
of fatty acids (Johnson et of, 1996; Lee et al,, 2004). The induction
of these PPAR response genes demonstrated that HFPO2 and
HFPO4 enhanced fatty acid oxidation in the liver similar to that
of their predecessors, such as PFOA (Guruge et af, 2006). Previous
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(n=06). *P < 0,05 **P < 0.01 versus control. NSAID, non-steroidal anti-inflammatory drug; PPAR, peroxisome proliferator-activated receptor; RXR, retinoid

X receptor; VLDL, very low-density lipoprotein.

publications indicate that PFASs significantly induce the activity of
lipogenic enzymes, including Scd1, the rate-limiting enzyme in the
biosynthesis of mono-unsaturated fatty acids (Kawashima et af,
1989; Yamamoto & Kawashima, 1997). In the present study, the
Scdl mRNA levels increased markedly increased in in both
the HFPO2- and HFPO4-treated groups, and HFPO4 also induced
the expression of its isoform Scd2. Our previous study also showed
that lipogenesis was activated in mice livers after PFNA exposure
{Wang et g, 2015b). The alteration of both lipogenesis and oxida-
tion genes indicates that the perturbation effecis of these alterna-
tive chemicals are similar to those of the traditional PFASs.

The Cyp play a central role in the detoxification of xenobi-
otics and the metabolism of endogenous compounds (Nebert

& Russell, 2002; Nelson et al, 1996, 2004). Many Cyps are report-
edly altered following exposure 1o PFASs {Hu et al, 2005; Yeung
et al, 2007). Cypda enzymes, which are involved in unsaturated
fatty acid a-oxidation, increased after HFPO2 and HFPO4 treat-
ment. Many other Cyps were also changed after HFPO2 and
HFPO4 treatment, particularly in the HFPO4-treated group. For
example, Cyp2c29 and Cyp2bld, two members from the Cyp2
subfamily, showed opposite changes in the HFPO2 and HFPO4
treatment groups. Based on nucdlear receptor gene knockout
mice models, PPARa and constitutively activated androstane
receptor have been suggested to play central roles in the
induction of Cyps, including Cyp2bl0, 3all and 4a14, after
PFDA and PFOA exposure {Cheng & Klaassen, 2008).
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Evidence suggests that the effects of PFAAs are dlosely corre-
lated with carbon chain length (Liao et af, 2009; Weiss et al,
2009). Using human fiver cell line HL-7702, our earlier research sug-
gested that the inhibition effect on cell viability is stronger when
PFAA carbon chain lengths are longer (Hu et of, 2014). The tran-
scriptional activation of peroxisome proliferation genes in primary
rat hepatocytes by PFAAs is also reported as related to the length
of each compound's carbon chain (Bjork & Wallace, 2009). Similar
to their predecessors, the HFPO2 and HFPO4 perflucroalkyl alter-
natives exerted hepatotoxicity, with the longer carbon chained
HFPO4 exerting greater hepatofoxicity than that of HFPO2.
Currently, the unregulated usage of these chemicals could lead
1o environmental hazards and health effects, and a more detailed
safety assessment is needed.
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